Abstract: Herein, we propose a phenomenon of "polarization-coupling (PC) cascading" generated in MgO doped periodically poled lithium niobate crystal (PPMgLN). PC cascading contributes to the effective electro-optical (EO) Kerr effect that is several orders of magnitude stronger than the classical ones. Experiment of Newton's rings demonstrates the large phase accumulation during the PC cascaded processes, and the experimental data is identical with the theoretical simulation.
Introduction
The history of optical cascading can be traced back to the 1970's, when J. M. Thomas et al. observed a cascade interaction between lights [1] . The importance of cascading, however, was not fully appreciated until 1996, when G. I. Stegeman studied cascading systematically and considered it as a promising direction to explore optical phenomena [2] . Consequently, in the following years, researchers have shown enormous interest in the possible exploration of various nonlinear effects such as nonlinear phase shifts, slow light, mode-locking, pulse compression, all-optical transistor action, and spatial solitons [3] [4] [5] .
In this letter, we propose a new phenomenon named "polarization-coupling (PC) cascading". PC cascading is modeled after the second harmonic generation (SHG) cascading [2] within MgO doped periodically poled lithium niobate crystal (PPMgLN). Based on this PC cascading effect, the effective nonlinearity of PPMgLN is determined by the transversely applied electric field, which is similar to the electro-optical (EO) Kerr effect, thus PC cascading effect could be defined as effective EO Kerr effect. Interestingly, the Kerr constant of this effective EO effect is several orders of magnitude larger than that in the classic counterparts, and could lead to large nonlinear phase shifts. The enhancement of the effective EO Kerr effect is proved by theoretical calculation, and the large phase shifts are demonstrated by experimental results. It has been shown that large phase shifts have extensive applications [6, 7] . Therefore, the subject of controlling the phase shifts by electro-optical effect is widely studied and very important from both scientific and technological points of view.
Theoretical model and simulation
As is known, second harmonic generation (SHG) cascading occurs via up-conversion ( 2 ω ω ω + → ) followed by down-conversion ( 2ω ω ω − → ) [2] . The physical picture of the classic SHG cascading is shown in Fig. 1(a) . Due to the phase velocity of the new fundamental frequency photon is inconsistent with the input one, the nonlinear phase shift is yielded via cascaded processes. By following the example of SHG cascading, we propose a new cascaded phenomenon-PC cascading in PPMgLN under non quasi-phase matching (NQPM) condition. These cascaded processes are divided into two steps: Taking ordinary wave (OW) incidence for example, the energy of OW flows to extraordinary wave (EW), but does not cause complete depletion of OW; then, the energy flows back from EW into OW, after approximately one coherence length. Because the regenerated OW is no longer in phase with the non-converted, a net OW phase is yielded (shown in Fig. 1(b) ). The vectors in Fig. 1(b) show the energy variation of OW and EW during the coupling processes. From Fig. 1(c) , the increment of the nonlinear phase primarily occurs during the cycle wherein energy strongly exchanges between the two beams.
Here, PC cascading in a PPMgLN is considered when a transverse external electric field is applied along the PPMgLN. Based on the electro-optical effect, the optical axis of each domain are alternately aligned at the angles of + θ and -θ, with respect to the plane of polarization of the input light [8] . Energy coupling between OW and EW happens in these folded domains. The relative azimuth angle between the dielectric axes of two adjacent domains is very small so that the periodic alternation of the azimuth can be considered as a periodic small perturbation. In this case, the coupled-mode equations of the ordinary and extraordinary waves are [9] vector corresponding to the periodicity of poling; Λ is the period of the PPMgLN, 51 γ is the electro-optical coefficient (its value is referred to [8] ), y E is the transverse electric field intensity, o n and e n are the refractive indices for the ordinary and extraordinary waves respectively, and with the initial condition (Assuming that the incident beam is OW):
The solution of Eq. (1) is given by 
For large phase-mismatch or low external electric field, we have . 
Following the example of changing in refractive index of EO Kerr effect, an "effective" EO nonlinear refractive index by PC cascading can be introduced by:
In realm of nonlinear optics, the polarizability of a medium modified by optical fields can be given by [15]. It should be noted that the enhanced EO Kerr constant is an effective effect which has nothing to do with the particular material but mainly governed by the periodical index modulation.
The precise phase-variations with external electric field of EW and OW governed by Eq. By keeping an appropriate nonzero value of the phase-mismatch, the transmission of EW and OW vary from 0 to 0.99 and 0.01 to 1, respectively. Just by adjusting the vector-mismatch, the magnitude and sign of the effective nonlinearity, i.e. nonlinear phase can be varied. As shown in Fig. 2(a) , the large phase shifts only occur when the EW experiences a "half-wave loss", which means the phase maintains constant except at some critical electric fields. While in Fig. 2(b) , in the vicinity of some critical electric fields, tiny changes of the electric field can cause large changes of phase for OW. It should be noted that the conventional phase modulators based on Pockels effect only realize linear phase shift and are unable to obtain sharp phase shift or half-wave loss. o C
The length of PPMgLN for calculation was set as 50 mm.
Experiment and results
The schematic of the experimental setup is shown in Fig. 3 . A scheme of March-Zehnder interference was utilized to investigate the phase shifts. The wavelength of the He-Ne laser is 632.8nm, which almost satisfies the third order phase-matching condition with poling period of PPMgLN to be 21.1 µm. The laser power is 8 milliwatts. First, the horizontally polarized incident beam was separated by a beam splitter (BS) with one beam passing through PPMgLN and the other in free space. Thus, the incident beam in PPMgLN is OW. The experimental results are shown in Fig. 4(a) and (b) . By varying the transverse electric field from 0 to 0.56V/µm, we found that the interference fringes' "light-dark" changed at different temperatures (different vector-mismatches). When the vector-mismatch was around Fig. 4(a) ), the Newton's rings had hardly any change in varying electric field. It concludes that the nonlinear phase shift cannot be accumulated to π at very large vector-mismatch. When the vector-mismatch was changed to approximate −150 / m π by lowering temperature to 21.3 o C (Fig. 4(b) ), the interference fringes experienced three times "light-dark" alternation at some certain electric fields, 0.28 V/µm, 0.44 V/µm and 0.56 V/µm.
Each change means a π phase shift. By this token, transverse electric field is not the determinant of the large phase shifts. In a PPMgLN, the classical transverse electro-optical effect is only able to rotate the optical axis of the lithium niobate, which indicates the large phase shift cannot be the classic EO Pockels effect. Figure 4(c) shows the comparison of the simulated curve and the experimental results at the temperature of 21. 3 .
o C The critical electric fields leading to π phase shifts with the vector-mismatch of approximate −150 / m π (in Fig.  4(b) ) are shown as the color dots in Fig. 4(c) . Thus, we can see that the experimental data well fit the theoretical curve. Because of some unavoidable errors, for instance, the refractive indices of the PPMgLN sample we used are not consistent with the simulated values; the experimental data can't be in full agreement with the theoretical ones. It should be noted that the PPLN waveguide has been successfully proposed recently [16] , where the gap between the electrodes can be as short as 10 µm, so that only several Volts is enough to generate the large phase shifts. 
Conclusion
In summary, PC cascading was demonstrated in PPMgLN through experiment and theory. Nonlinear phase shifts generated from the cascaded processes between a pair of orthogonal beams i.e. OW and EW have been investigated. The results provide a method which can be used to achieve enhanced EO Kerr effect. It should be noted that the PC cascading proposed here is different from the SHG cascading phenomenon, because the former belongs to linear optics, and the latter is classified to nonlinear optics. With a different physical understanding, PC cascading may trigger interest in a wide range of fields.
